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1 .  In t roduc t ion  
Work began on the des ign  o f  the primary Pre-TRMM and TRMM ground 
t r u t h  sites under  NASA Grant #NAG-5-870 on February 15 ,  1987. 
primary o b j e c t i v e s  of the work were t o :  
The  
a )  i n t e g r a t e  the r a i n  gage measurements w i t h  r a d a r  measurements 
o f  r a i n f a l l  us ing  the KSFCjPatrick d i g i t i z e d  r a d a r  and 
a s s o c i a t e d  r a i n f a l l  network. 
b) 
c )  combine a )  and b ) .  
d e l i n e a t e  the major r a i n  bear ing systems over  F lo r ida  us ing  
the kleather S e r v i c e  r epor t ed  r a d a r / r a i n f a l l  d i s t r i b u t i o n s .  
d )  use c )  t o  r e p r e s e n t  p a t t e r n s  of  r a i n f a l l  w h i c h  a c t u a l l y  
e x i s t  AND c o n t r i b u t e  s i g n i f i c a n t l y  t o  the r a i n f a l l  t o  t e s t  
sampling s t r a t e g i e s .  Based on the results of  these analyses 
dec ide  upon the ground truth network. 
complete the des ign  begun i n  Phase I of a m u l t i - s c a l e  ( space  
and time) s u r f a c e  observing p r e c i p i t a t i o n  network cen te red  
upon KSFC. 
e )  
2. Work Accomplished 
2.1 Pa t r i ck /  KSFC Radar 
A d i g i t a l  system w i t h  a s s o c i a t e d  computer and d i s p l a y  equipment 
has been i n s t a l l e d  a t  P a t r i c k  and a t  the Cape Canaveral Forecas t  Center. 
The d i g i t i z e d  r ada r  record  is  now being t r a n s f e r r e d  on magnet ic  t a p e  t o  
the Goddard Laboratory f o r  Atmospheric Science and t o  the McGill Radar 
Weather Observatory.  These da t a  are  being compared w i t h  the r a i n f a l l  
measurements from the r a i n  gage network i n s t a l l e d  w i t h i n  the range of 
the  P a t r i c k  r ada r  and w i l l  form p a r t  o f  the da ta  base f o r  a n a l y s i s .  
2.2 Cape Canaveral Rain Gage Network 
Dig i t a l  record ing  r a i n  gage si tes have been loca ted  on Cape 
Canaveral and an i n i t i a l  a r r a y  of  r a i n  gages have been i n s t a l l e d  (F ig .  
1). Instruments  and r eco rde r s  have been obta ined  t o  e q u i p  a wider 
network w i t h i n  the useful range of  the P a t r i c k  r ada r .  These gages 
will be i n s t a l l e d  dur ing  the next  per iod of funding. 
the d i g i t a l  recording r a i n  gage system be ing  i n s t a l l e d .  
Appendix I d e s c r i b e s  
2 .3  Other Data 
f o r  % 30 record ing  gages (15 m i n  t o t a l s )  and 1942-1986 f o r  Q 80 reco rd ing  
s t a t i o n s  (hour ly  t o t a l s ) .  
ob ta ined  f o r  a 9-year per iod  (1978-87). 
the Flor ida  h i s t o r i c a l  r a i n f a l l  record .  
F lor ida  r a i n f a l l  da t a  f o r  the per iod 1971-1986 has been obta ined  
Dig i t a l  r a d a r  da t a  f o r  F lor ida  has a l s o  been 
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Contact has been made w i t h  the South Florida and the S t .  John's 
River Water Management Distr ic ts .  
gage data is on f i l e  a t  the South Florida Water Management Distr ic t .  
Plans are  i n  progress to  determine what of the Water Management 
Di s t r i c t ' s  (WMD) data needs to  be acquired and where supplemental 
gages should be s i ted.  
A large amount of recording rain 
2.4 Analyses Completed and Reported Upon 
was reported upon i n  the Proceedings of the Tokyo International 
Symposium on Tropical Rainfall held i n  October 1987 ( A u s t i n ,  1987, 
copy attached). 
Analysis of rain gage, radar and s a t e l l i t e  estimates o f  ra infal l  
Estimation of tropical ra infal l  w i t h  emphasis upon convective 
and stratiform rainfal l  is also reported on i n  the same proceedings 
(Garstang e t  a1 . , 1987, copy attached). 
3. Work i n  Progress 
3.1 Estimation of Errors i n  Area Average Rainfall: Small Scale (McGill) 
Considerable uncertainty ex i s t s  i n  the estimation of the areal 
average r a in fa l l .  The errors  i n  areal ra infal l  estimation a re  more 
severe when the rainfal l  i s  convective i n  nature. Furthermore, a knowledge 
o f  the error  vs rain gage network density i s  important in the assessment 
of remote sensing of ra infal l  measurement schemes and the design of the 
TRMM ground t r u t h  network. We are,  therefore, continuing t o  address the 
relationship between rain gage density, network geometry and the 1 ikely 
error  i n  estimating the areal average ra infa l l ,  We are  addressing this 
problem on the small and large scale. The small scale equates t o  the 
area covered by the radar, the large scale t o  tha t  of the peninsula of 
F1 o r  i da . 
3.1.1 Data base 
The following will be used in the analysis. 
3.1.1.1 Radar data 
Kennedy Space F l i g h t  Center radar data covering the period 5 
August 1987 to  30 August 1987 will be used to  create CAPPIs a t  f ive 
minute intervals.  The CAPPI will cover a 480 km square u s i n g  a pixel 
s ize  o f  four square kilometers. The CAPPI a l t i tude  will be 3000 m. 
These 5 minute CAPPIs will be combined t o  produce total  ra infal l  maps 
for  the following accumulation periods: 15  m i n ,  30 m i n ,  1 h r ,  2 hr, 
4 hr, 8 h r ,  12  hr, 24 h r ,  2 days, 4 days, 7 days, 14 days and 25 days. 
3.1.1.2 Rain gage data 
The rain gage data consists of hourly o r  daily ra infal l  t o t a l s .  
These data will be used to  cal ibrate  the Z-R relationship used i n  the 
generation of the rainfal l  maps. 
3.1.2 Data a n a l y s i s  
The r a i n f a l l  maps produced i n  the f i rs t  phase o f  the re sea rch  
program will be assumed t o  be e r r o r  free maps of r a i n f a l l  t h a t  could 
have f a l l e n .  These maps will t h e r e f o r e  be used a s  " t r u t h "  i n  the 
a n a l y s i s  t h a t  fo l lows .  
3.1.2.1 Mean a r e a l  r a i n f a l l  
The r a i n f a l l  maps will be sampled a t  random p o s i t i o n s  t o  s imula t e  
r a i n  gage networks o f  va r ious  d e n s i t i e s .  
random spacing and g r i d  networks,  will be used. 
a r e a l  average r a i n f a l l  f o r  va r ious  size "catchments" will be c a l c u l a t e d  
f o r  each r a i n  gage network. Var iab les  such a s  the o r i e n t a t i o n  o f  the 
network and spacing i n  the two orthogonal d i r e c t i o n s  will be explored .  
Two types  o f  networks v i z .  
The e r r o r  i n  the 
3.1.2.2 Volume and a r e a l  extent o f  ind iv idua l  s torms 
Standard i n t e r p o l a t i o n  techniques  will be used t o  c a l c u l a t e  the 
volume o f  r a i n f a l l  and a r e a l  extent o f  ind iv idua l  storms us ing  the va r ious  
r a i n  gage network d e n s i t i e s .  The ac tua l  volume and a r e a  o f  each storm 
will be c a l c u l a t e d  and an e r r o r  versus  network d e n s i t y  wil l  be p l o t t e d  
f o r  both the a r e a  and the volume. 
3.1.2.3 S t a t i s t i c a l  s t r u c t u r e  
The c o r r e l a t i o n  versus d i s t a n c e  f u n c t i o n  will be c a l c u l a t e d  f o r  
both the r a d a r  da t a  and the r a i n  gage d a t a .  
the es t imated  l eng th  o f  the d e c o r r e l a t i o n  d i s t a n c e  a s  a f u n c t i o n  of the 
number of  r a i n  gages.  
be t a b u l a t e d  aZa Lovejoy t o  tes t  the f r a c t a l  modeling hypothes is .  
Of p a r t i c u l a r  interest i s  
In a d d i t i o n ,  the l o g  accumulat ive results will 
3 .2  Est imat ion o f  E r ro r s  i n  Area Average R a i n f a l l :  Large S c a l e  
(Un ive r s i ty  of V i r g i n i a )  
Peninsula  s c a l e  d i s t r i b u t i o n s  o f  r a i n f a l l  have been determined 
from manually d i g i t i z e d  hour ly  r a d a r  d a t a .  
June, July and August 1978-1 982. 
the Flor ida  peninsula  and a t  l e a s t  50 km of ad jacen t  ocean. 
d i g i t i z e d  r a d a r  (MDR) cel ls  v a r i e d  between 36-38 km r e s o l u t i o n  depending 
on l a t i t u d e .  
p r i n c i p a l  components t o  i d e n t i f y  the s p a t i a l  p a t t e r n s  o f  the d a i l y  r a i n -  
f a l l  regime. 
this i n i t i a l  a n a l y s i s  based on about  9000 hours.  
r a i n  bear ing systems over  F lo r ida .  We will define a "major" r a i n  bear ing  
system i n  terms o f  the c o n t r i b u t i o n  of  t h a t  system t o  the summer seasonal  
r a i n f a l l  o f  south  F lo r ida .  
The time per iod  covered i s  
The a r e a  o f  i n v e s t i g a t i o n  encompasses 
The manually 
A t o t a l  o f  150 ce l l s  were analyzed and decomposed i n t o  
A t o t a l  o f  9 y e a r s  o f  d i g i t i z e d  da ta  i s  a v a i l a b l e  t o  extend 
The o b j e c t i v e  i s  t o  f i rs t  determine the c h a r a c t e r  o f  the "major" 
Having def ined  and i d e n t i f i e d  the major  r a i n  bear ing systems we 
will determine the time and space d i s t r i b u t i o n s  o f  the r a d a r  e s t ima ted  
r a i n f a l l  a s  shown by the ope ra t iona l  network. We will then examine the 
d e t a i l e d  d i s t r i b u t i o n s  o f  echoes from a s e l e c t e d  few storms from s ingle  
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r a d a r s  inc luding  the P a t r i c k  r a d a r .  
-- The most reasonable  d i s t r i b u t i o n s  o f  r a i n f a l l  i n  time and space 
f o r  the major bear ing systems will then be cons t ruc t ed .  
Once cons t ruc t ed  these d i s t r i b u t i o n s  will be t e s t e d  a g a i n s t  past 
observed ra infa l l  from r a i n  gages. This  comparison will be used t o  
e s t a b l i s h  a measure o f  what i s  meant by a reasonable  d i s t r i b u t i o n .  
d i s t r i b u t i o n s  and will be used i n  s imu la t ions  t o  develop the optimum 
d i s t r i b u t i o n  o f  ground t r u t h  measurements. 
The r e s u l t i n g  d i s t r i b u t i o n s  will then be regarded a s  " r e a l "  
3 . 3  Estimation o f  E r ro r s  i n  Area Average R a i n f a l l :  
3 .3 .1  Basic  da ta  p rocess ing  
Kennedy Space Center r a d a r  d a t a  f o r  8th t o  30th August 1987 have 
been processed t o  form a s i n g l e  d a t a  base o f  approximately 2000 CAPPIs 
a t  3 km a l t i t u d e .  
da t a  base c o n s i s t i n g  o f  the raw DVIP va lues  f o r  each 5 minute CAPPI 
i n  p o l a r  coord ina te s .  
by means o f  
Small s c a l e  (McGill) 
The raw da ta  t a p e s  were f i r s t  read t o  produce a 
These d a t a  were t ransformed i n t o  r a i n f a l l  amounts 
Z = 200 * R exp (1.6) 
T h e  r a i n f a l l  amounts were then mapped on to  a Car t e s i an  coord ina te  system 
w i t h  a g r i d  spacing o f  2 km by 2 km. 
p o l a r  d a t a  p o i n t s  f a l l i n g  i n  the Car tes ian  p i x e l s  were c o r r e c t l y  averaged 
a s  r a i n f a l l  r a t e s .  
true r a i n f a l l  r a t e s  based on the e l e c t r i c a l  c a l i b r a t i o n  o f  the r a d a r  
wi thout  being c a l i b r a t e d  a g a i n s t  the e x i s t i n g  gage network. 
mainly due t o  the d i f f i cu l ty  i n  ob ta in ing  the very  s p a r s e  gage d a t a .  
However, i t  is  hoped t h a t  these experiments  w i l l  be repeated u s i n g  
improved r a d a r  da t a  f o r  June, J u l y  and August o f  1988 w i t h  the now much 
improved gage network i n  p lace .  For the present s tudy we w i l l  a rgue  
t h a t  while the r a d a r  da t a  may n o t  r e p r e s e n t  the a c t u a l  r a i n f a l l  w h i c h  
fe l l  dur ing  August 1987, i t  i s  a p l a u s i b l e  r e a l i z a t i o n  o f  the same random 
process ,  and t h e r e f o r e ,  has the same s t a t i s t i c a l  structure. S ince  o u r  
"gage da ta"  i s  a c t u a l l y  sampled from the r a d a r  d a t a ,  there is  c l e a r l y  no 
p o s s i b i l i t y  o f  a gage/radar  c a l i b r a t i o n  e r r o r  i n  the s t a t i s t i c a l  a n a l y s i s .  
q u a l i t y  cont ro l  on the 5 minute CAPPI d a t a .  
was determined t o  be ground echo , anomalous propagat ion and interference 
and was t h u s  removed. 
s t a n t i a l l y  complete.  
t h a t  on average 1 5  minutes o f  da t a  were miss ing  per hour recorded .  
simple procedure was written t o  c a l c u l a t e  the movement o f  the r a i n  a r e a  
over  the missing per iod .  The CAPPIs a t  either end of the gap were then 
o f f s e t  by an appropr i a t e  amount and used t o  f i l l  gaps o f  less than 20 
minutes. 
I t  is  important  t o  no te  t h a t  i n  making the CAPPI map a l l  o f  the 
The r e s u l t i n g  maps were i n t e r p r e t e d  a s  if  they were 
Th i s  was 
An i n t e r a c t i v e  e d i t i n g  program was written so a s  t o  enab le  s t r ic t  
A s i g n i f i c a n t  amount of echo 
The e d i t i n g  o f  the entire da ta  base i s  now sub- 
Dur ing  this phase o f  the work i t  became apparent  
A 
The q u a l i t y  o f  an o therwise  e x c e l l e n t  da t a  set was compromised 
b 
' -  
I 
I -  
by these gaps, and i t  i s  hoped that  they be eliminated from the next 
summer ' s data. 
3.3.2 Basic s t a t i s t i ca l  description of the data 
A basic s t a t i s t i ca l  package was written t o  calculate the follow- 
i n g  s t a t i s t i c s  for each CAPPI i n  the data base: 
1. mean areal r a in fa l l ,  
2 .  mean rainfall  dep th ,  
3 .  variance of the ra infa l l ,  
4. rain area, 
5. histogram o f  ra infal l  amounts, 
6.  variogram for rainfal l  i n  the north/south direction, 
7. variogram fo r  ra infal l  i n  the east/west direction. 
3.3.3 A f i r s t  look a t  sampling errors  i n  rain gage networks 
The data base was searched for  two periods of reasonably intense 
The f i r s t  per iod chosen was the 12th Augus t  1987. convective ac t iv i ty .  
The 5-minute data were accumulated to  give 18 one-hour accumulations. 
T h i s  period included a three hour period of very small, intense rainfal l  
and t h u s  would produce errors  t h a t  could plausibly represent a worst 
case si tuation. The set 
consisted of  15 one-hour accumulations representing moderate convective 
ac t iv i ty .  
The second period was the 29th August 1987. 
3.3.3.1 Selection of gage to  rainfall  map interpolation method 
I t  was thought a p r i o r i  t ha t  some form of  Kr ig ing  technique would 
be the most suitable interpolation method. 
the two periods were therefore calculated and reproduced i n  F i g s .  2 and 
3. I t  is immediately apparent from these figures tha t ,  g iven  t ha t  i t  is 
raining a t  both locations, hourly rainfal l  depths are  independent a t  
distances exceeding approximately 8 km. 
re1 ies heavily on interstation correlations, would not yield anything 
more obviously useful than say Thiessen polygons which, a t  l ea s t ,  have 
the virtue of being easy t o  compute. 
selected as  the method of interpolation from the random gage network 
t o  the regular map g r i d .  
schemes will be analyzed i n  more detail  l a t e r .  
The average variograms for  
Therefore, Kriging,  which 
Thiessen polygons were, therefore, 
The accuracy of the various interpolation 
3.3.3.2 Simulation method 
A uniformly random gage network was created and used t o  calculate 
the standard mean interpolation error  fo r  the mean areal r a in fa l l ,  mean 
d e p t h  of rain and rain area. The gage positions were not allowed t o  be 
l e s s  than 8 km apart i n  this simulation. 
networks fo r  the 2 9 t h  August data and 13 networks fo r  the 12th Augus t  
data were used i n  the simulation. The  mean and standard deviation of the 
mean standard error  for  a l l  the networks combined was calculated for  each 
data set u s i n g  networks w i t h  400, 600, 800, 1000 and 1200 gages covering 
an area of 124,400 square km. 
A total  of 10 different random 










Figure  2. Variogram f o r  the 1-hour accumulation patterns for the 
29th August 1987. 
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Figure 3. Variogram for the 1-hour accumulation p a t t e r n s  f o r  the 29th 
August 1987. 
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u s i n g  rectangular and triangular networks of gages a t  different 
orientations. 
3.3.3.3 Some prel iminary resul ts  
The mean and standard deviations of the standard error for  the 
areal ra infa l l ,  mean rain depth and rain area estimates are  found i n  
Figs. 4, 5 and 6, respectively fo r  the 1 2 t h  August data and i n  F i g s .  
7, 8 and 9, respectively for  the 29th A u g u s t  data. The rain gage 
networks were found to  be able to estimate the areal extent of the 
rainfall  f a i r l y  well, the error for  the 400 gage network was approxi- 
mately 10 percent fo r  bo th  of the data sets .  
be s a i d  for  the rain gage estimation of the mean rainfall  depth where 
the errors for  the 400 gage network were of the order o f  40 percent 
for  the 29 th  August  and 90 percent for  the 12th August. Most of the 
error  for  the 12th Augus t  can be attr ibuted to  the three-hour period 
of intense local convection storms. The error i n  the areal mean rain- 
f a l l  i s  approximately 25 percent for  the 400 gage network for  both 
data se t s .  These resul ts  i l l u s t r a t e  the extremely large errors pro- 
duced by even relatively dense gage networks, particularly for  convec- 
t i ve  ra infa l l .  I t  i s  against these errors that  the various remote 
sensing techniques have to be evaluated. 
However, the same cannot 
3.4 Future Work 
The resul ts  presented above should be extended into the following 
areas. 
3.4.1 
and other d a t a  se t s  w i t h i n  the Kennedy Space Center data base and from 
other radar s i t e s  particularly a South African 28"s semi-arid location. 
Longer accumulation periods and other data se t s  
The above analysis will be repeated u s i n g  longer accumulation times 
3.4.2 Variogram sampling errors us ing  r a i n  gages 
The rain gage network underestimates the variance of the rainfall  
process. 
from rain gage data needs to be assessed. 
normally preferred Kr ig ing  analysis may lead to  overly optimistic error  
estimates for  gage estimated rainfal l  f ie lds .  
The effect  of  t h i s  underestimation on the variogram constructed 
Errors i n  this part of the 
3.4.3 The effect  o f  radar introduced noise 
The above analysis assumed tha t  the rain f ie lds  found i n  nature 
were accurately represented by the radar data. 
that  the radar based r a i n  f i e lds  are  more noisy than the true rain f i e lds  
which occur i n  nature and therefore, the resul ts  o f  th i s  experiment 
will be undu ly  pessimistic. T h i s  possibil i ty can be investigated by 
testing the effects of add ing  a r t i f i c i a l  noise and of smoothing the 
radar f i el ds . 
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Figure 4.  Mean and s t anda rd  dev ia t ion  of  the e r r o r  of the a r e a l  
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Figure 5. Mean and s tandard  dev ia t ion  of  the e r r o r  of the  r a i n  
d e p t h  e s t i m a t e  (12th  August 1987) .  
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Figure 6.  Mean and s tandard  dev ia t ion  o f  the e r r o r  o f  the r a i n  
a r e a  e s t i m a t e  (12 th  August 1987) .  
T 
AREAL RAINFALL 
29TH AUGUST 1987 
% ERROR 
5 1  
0 1  f 
400 ti00 800 1000 1200 
NUMBER OF GAUGES 
Figure  7. Mean and s t anda rd  dev ia t ion  o f  t he  e r r o r  o f  the a r e a l  
r a i n f a l l  e s t i m a t e  (29th  August 1987) .  
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Figure 8. Mean and s tandard  dev ia t ion  o f  the e r r o r  o f  the r a i n  
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Figure 9 .  Mean and s tandard  dev ia t ion  o f  the e r r o r  o f  the r a i n  
a rea  e s t i m a t e  (29th  A u g u s t  1987).  
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3.4.4 An eva lua t ion  of  the TRMM sampling scheme 
The l ike ly  e r r o r s  r e s u l t i n g  from the proposed TRMM sampling 
scheme will be eva lua ted  us ing  the Kennedy Space Center d a t a  and a 
d a t a  set o f  semi-ar id  sub t rop ica l  r a i n f a l l  from South Af r i ca .  
4.  Concluding Remarks 
Work will cont inue  i n  the  Flor ida  a r e a  t o  
* improve the s u r f a c e  networks and the P a t r i c k  r a d a r ,  
* examine the p o t e n t i a l  of e x i s t i n g  networks f o r  both h i s t o r i c a l  
a s  well a s  current d a t a ,  
* a s s e s s  the Tampa r a d a r  and determine how i t  can be u t i l i z e d ,  
* explore  the p o s s i b i l i t y  o f  us ing  a r a d a r  a t  West Palm Beach 
Radars a t  P a t r i c k  AFB, Tampa, F t .  Myers and West Palm Beach would 
and the p o s s i b i l i t y  o f  i n s t a l l i n g  a r a d a r  a t  F t .  Myers. 
provide a d e t a i l e d  mapping o f  p r e c i p i t a t i o n  d i s t r i b u t i o n s  over  a 200x200 
km land  a rea  and a 400x400 km land-sea a r e a .  
Work will a l s o  begin on the o t h e r  ground t r u t h  s i tes a t  Kwajelein, 
Thai land and A u s t r a l i a  ( a t  Darwin). 
a l r e a d y  been received a t  Goddard. 
Data from r a d a r  i n  Darwin has 
. . .  . .  . li. ,. . .  
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ABSTRACT 
- .Extreme spat ia l  and temporal var iab i l i ty  i n  the observed rainfal l  
lds 'suggests t ha t  .great care needs t o  be exerci'sed i n  the-calibra- 
f ra infal l  estimatins schemes from gauge networks and o ther . sur -*  
-:The-develapment of analytical tools t o  comb'lne several n o t  
recise . ra infa l l  estimating techniques t o  yield optimum ra infa l l .  
stimates is reviewed. I t  i s  concluded t h a t  a large data base of  
imulated 3-D ra infal l  data, which can be regarded as accurate, i s  nec- 
ssary. These data can then be used t o  ob ta in  the required optimum 
~n teg ra t ion  scheme and error estimates based on a kiowledge of the . 
hysirs-of-the-i nstrumenta; masuri ng biases , no? se ~ a n c l - S ~ ~ C h d r -  
. 
a i c t e r i s t i c s .  --- - 
. * -  . I -  
. 
1. INTRODUCTION 
One of the most significant problems associated w i t h  the remote 
endng-of-rainfa-11 -is-the development o f  s t ra tegies .  to-c-ombinedaid 
erived from different ra infal l  measuring techniques t o  yield the 
i m u m  estimate o f  areal precipitation. An equally urgent and related 
blem i.s t o  estimate the l ikely impact of sampling, instrumental and 
erpretational errors  i n  fhe remote sensed precipitation data. 
. Some-attention has beel given t o  the former as i t  re la tes  t o  'the 
bfning-of-raingauge and -adar data  (e.g., A u s t i n  ('m, 
a1 . (1973.) and Wilson and Brandies (1979)). 
es for the combining o f  gauge and s a t e l l i t e  da t a  i s  also 
sive (see Barrett and Martin (1981) for a review). 
The 1 i terature  
-- - --I____ 
_.- .._ 2. PAINFALL VARIABILITY - _-_- .--. - . _. . 
Some of these authors have recognized a major problem i n  dealing 
The ef fec t  of this 
a r i a b i l i t y  is t ha t  schemes designed t o  produce areal ra infal l  f ie lds  
precipitation .dataJaset~:.~- the Dresence o f  ex t rme var iabi l i ty  
?nd intermittency. ( Schertzer' and Lovejw (1987)). 
;lave 10.w accuracy, even for quite dense gauge networks, and particular-, 
~~n-corr9e~~ive-sitffatfonsI Damant e t  a1 . (1983), for eXmiple, obtain 
errors of approximately 705 fo r  t o t a l  storm accumulations over a 
(!jt39Cj km catchment us ing  10 raingauges. Bellon and Austin (1986) 
estimate mean p o i n t  t o t a l  storm accumulation differences from gauges a t  
qifferent spacing and obta inzd  60% differences a t  a distance o f  10 km - and 100% difference a t  a ,sc:l-aration o f  100 km. ' 
. 
I. 
* -  
..... --. - - - __I 
. 
- --.- - -- -_ ~ 
tsl have considerable impact on the' accuracy w i t h  which 
remote sensing rainfaell measuring system can be calibrated w i t h  
The calibration of  large footpri-nt  estimating 
radar data w i t h  an estimated 4 361% uncertainty over 
storm to ta l s  (Austin (1987) ahid Bellon and Austin 
particularly those h a v i n g  non-1 inear averaging character is t ic  
da t a  s e t  i s  clearly hazardous. The use of well- 
1986)) then. becomes particularly attractive.  In mder t o  achieve . 
hese accuracies i n  the radar estimates, specific account has t o  be 
aken of the temporal sampling errors ( frequencies- greater t h a n  five 
t e s  are sometimes required), and the var iabi l i ty  i n  the parameters 
heson=l-l.inear-relationship between rainfall  and radar. r e f l ec t iv i ty  
author believes t h a t  some of the published accuracy claims for  _. . 
11 i te  rainfal l  estimating schemes are unduly  optimistic, since the, 
cer ta inly higher  t h a n  the accuracy with which the rainfal l  could. 
stimated by the sparse calibrating gauge netwoi-k. 
The important p o i n t  is t h a t  there is  no existing accurate way:to 
r l rPhupace/- t ime - d i s t r i b u t i o n  o f  preci pitation.-Thkm- 
PROBLEM OF COMBINING RAINFALL ESTIMATES BECOMES ONE OF COMBINING 
L-WRONG ESTIMATES OF RAINFALL TO GET A BEST ESTIMATE OF THE TRUE 
LL PATTERN. 
t ical  properties inherent i n  each o f  the measurement schemes, and pre- 
sumably the opt imum combining strategies.  
t o  be made about  the s t a t i s t i ca l  properties o f  the rainfal l  f ie lds  
'The great advantage o f  the procedure i s  t h a t  no assumptions have 
I .  
. . .  . _  
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where 6& i s  the gauge bias and €=the sampling noise. 
The-problem 
In the cokriging solu- 
t i o n  of ' the  form ,&. 
]:yXk):-=.,F- 'hGc; G L I h ' )  + R;l&+-.. 
from .. the data f ie lds .  
Nc 
i =f r; -f 
'where the 2; are  distance weighting functions which may be determined 
. .  ' .- 
. -I-.- 
. .  . .  i - >  5. RESULTS 
1 -  
p - 1  
.. 
. .  
. . .  
. .  . . .  





. -- --_- -_ 
Jl'dBW"(.pekhaps.*l km and 5 minutes). T h i s  i s  c lear ly  likely t o  be a 
much l e s s  drast ic  assumption t h a n  those which assume properties of - '  
tromogenei t y  -and-independence on the 1 arge scale. Some-woul d argue,- 
howiver; tha t  much of the observed discrepancy between radar and gauge 
data i s  due t o  real sub-kilometer v a r i a b i l i t y  and tha t  i n  f a c t  the . 
-&fe&i-ve-area -of -representativeness for a ra i  ngauje i s  -1-it-t-le-more- 
than a . c i r c l e  of radius+". What has t o  be assumed i s  tha t  the physic 
of the , ra infal l  measuring procedure used by the ir'strument i s  well 
understood. Th i s  author, a t  l eas t ,  believes tha t  t o  assume we under- 
stand the measuring. process i n  our instruments is general l y  much safer 
than t o  make assumptions about the s ta t is t ical  properties o f  ra infal l  
pbt.-erns-which-have-only been poorly measured. ThO s-bas-ie-concep+- 
lhas already been used i n  Damant e t  a l .  (1983) i n  the investigation of 
the sampl i ng errors of  rai ngauges . 
, .  
4. METHOD 
-T+eiproblnem-can-be-set up fo l lowing  the notation -used- 
Krajewski (1987) i n  his discussion of cokriging. I f  X(k)is the true 
rainfal l  pattern, where k i s  a position vector, then one of the remot 
sensed estimates of  the rainfall  a t  the p o i n t  Q will be given by: 
cel l  area, sk i s  the bias-in--tha-estTm&te-; 
the.  random error. On the other hand, .tt e gauge estimate a t  - 
s t a k I is 
d k  = <i Y W )  f. Ecc 
. .  
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isumer rainfal l  patterns i n  Montreal, where i t  has been found tha t  
]more than 5 km from the rainqauge a radar  estimate Df ra infal l  is more 
- .  .laccurate and t h a t  more t h a n  40 km from a gauge then a simple VIS/IR 
threshold technique yields better rain estimates. A substantial 
/quantA-ty-o+-Kennedy-Space Centre weather radar da ta  i s  -nowbeimj- 
{analyzed w i t h  a view t o  f i n d i n g  the appropriate parameters for a more 
representative tropical rainfall  f ie ld .  
Preliminary results for  t h i s  type of work have been obtained for  
I -  
. .  
:- , 
. .  
. _  ---__ - 
-_ 
'' 6. CONCLUSIONS 
.'Extreme spa t ia l  and te:,iporal variabil i ty i n  r a in fa l l '  patterns 
for the  calibration of remote sensed 
the development of optimur I combinfngsystemr 
error analysis. Work or. mid-lati tude rain 
example, give the results tha t  an estimate 
a t  a p o i n t  is  better made by radar than a aauqe about  5 km 
. . .  . . .  
. .  
. . 
. . .  
. I  . .  
. . . . .  
. .  
I 
, .  
. .  
.' . 
. .  . .  
. .  
away and by s a t e l i i t e  using a simple VIS/IR thresholding iechnique i f  
the gauge i s  more t h a n  about  40 km away. 
proposed i n  the TRMM s a t e l l i t e ,  then i n  order t o  establish procedures 
for producing combined estimates of precipitation together w i t h  their 
l ike ly  accuracy, a considerable simulation based on large 3-D data " 
sets is required. 
When-we--consider systems of remote sensing devices - s u c h a m r  - 
. .  
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A B S T ~ C T  
I 
I 
Convective systems produce t h e  bulk of t r o p i c a l  r a i n f a l l  but are , 
v a r i a b l e  i n  space and time both i n  terms of t h e  occurrence of the  rain I 
:system and t h e  na tu re  of t he  rain i n  t h e  system i t s e l f .  
I 'example of a cont inenta l  equator ia l  squa l l  line over t h e  Amazon Basin I 
amounts f o r  such systems. Convective core r a i n f a l l  f a l l i n g  a t  0.75 I 
;mm/min  produces 50 t o  70% of the  r a in ,  the  remaining 30 t o  50% 
,in mult i layered and s i n g l e  layered cloud regions which vary i n  both 
A s ing le  
is used t o  i l l u s t r a t e  t he  v a r i a b i l i t y  in t he  r a i n f a l l  rates and 
i 
occurs 
I I ispace and time f o r  t h e  same system. 
I 
I 1. INTRODUCTION i 
I I I 
T ropica l  r a i n f a l l  between t h e  l a t i t u d e s  of 30°N and S cons t i t u t e s  
u i g n i f c a n t p a r t - o u h e  g loba l  rainfall (Fig,  1) . T h e s r e a t e r  p a r t  
of t h e  t r o p i c a l  r a i n f a l l  occurs i n  organized meso- t o  synoptic-scale 
systems but  with l a r g e  s p a t i a l  and temporal v a r i a b i l i t y .  For example, 
, a  pervasive r e s u l t  found by many authors (Riehl, 1954), shows t h a t  50% 
o r  more of t h e  rainfall f a l l s  i n  about 1 O X  of t h e  time. i rain systems which produce an average or 2 1 3  IIIIP of rain per  s t a t i o n ,  1 
t y p i c a l l y  produce more than 60% of the  t o t a l  annual r a i n f a l l .  





!rain systems wi th  high rain rates, producing the  l a r g e  amounts of 
trainfall, occur only in te rmi t ten t ly .  
I t he  h igh  rain rates accurately and we must be ab le  t o  d e t e c t  and 
1 d e l i n e a t e  t o  organized convective meso- t o  synoptic-scale systems. 
t .  
I 
~ ..- 







, F I G U R E  1. Globally averaged annual p rec ip i t a t ion  and associated 
rain-producing weather systems. 
I 
(After Sellers, 1965.) 
. _ _  In t h i s  paper, we take the posi t ion tha t  organized meso- t o  
synoptic-scale systems as seen over the  Amazon Basin of Braz i l  produce 
a l a r g e  f r a c t i o n  of t he  r a i n f a l l  of t h a t  water r i c h  region. W e  fur ther  
wish t o  e s t a b l i s h  whether the  rainf  ZlYharacteriZFiZZoff-these 
equa to r i a l  cont inenta l  systems are s imi l a r  or diss imi la r  t o  t h e i r  
t r o p i c a l  oceanic counterparts.  I 






The NASA Amazon Boundary Layer Experiment (ABLE-2B) (Harriss et  , 
al., 1988) made su r face  meteorological, radar  and satell i te measure- ' 
ments Over t h e  Amazon Basin during the  w e t  season - months of Apri l  and 
.deployed with sensors  on towers approximately 5 m above the  canopy of 
/ t h e  rain f o r e s t .  
'accumulated r a i n f a l l  with a resolut ion of 0.25 mm every minute. 
: l o c a t i o n  and spacing of t he  PAM towers is shown in Fig. 2. 
,measured a t  each tower site. Accumulated r a i n f a l l  (an 8-inch gage) 
f o r  each r a i n  event  was  also measured a t  the  sur face  in a c lear ing  
:w i th in  3 km of each of t he  three  outer  PAM towers. 
May 1987. Four Por tab le  Automated Mesonet @AMs) s t a t i o n s  were t 
Tipping bucket r a i n  gages a t  t h i s  level measured 
The 
Tempera- 









8 -  I 
I '  1 
owers . /FIGURE 2. Location and spacing o t  the 4 PAX t 
I 
I approximately 15 Ian SSW of the  most souther ly  PAM tower. 
I i n f r a red )  w a s  co l lec ted  rout inely a t  Manaus and a t  the  NASA/Langley 
!Research Center i n  Hampton, VA. 
, 
i I j 
A 3 cm radar  wi th  d i g i t a l  recording capab i l i t y  was  located 
GOES 
(Geostationary Environmental S a t e l l i t e )  sa te l l i te  imagery ( v i s i b l e  anc 
I I 
Squal l  l i n e s ,  a t  times up t o  3000 km in length,  w e r e  a r e l a t i v e l y  
frequent  phenomena occurring on at least 10  of t h e  45 days of ABLE-2B.: 
The s q u a l l  l i n e  which passed over the  measurement network on t he  26th 
--Qf-Apxil  1987 w a s  chosen f o r  t h i s  study. The 26th of Apr i l  system - ---_-____ 
! - - - - -____ 
....,. 
l and Embrapa ( so l id ) .  I 
I 
1 
--_ - . ... 
- 
produced a t o t a l  of 33.02 mm of r a i n  a t  the Carapana s t a t i o n .  
one r a i n  systems passed across  the  measurement network i n  t h e  45 days 
of ABLE. The-26th-of-April-ranked-Z-th-and-represented-4,51% of the  
t o t a l  r a i n  measured Over t h e  45 days. 
Twenty- 
2 - F-ZNDINGC 
I 
1 ' 
I the 4 recording gage s t a t i o n s .  
Figure 3 shows t h e  time d i s t r ibu t ion  of r a i n  amount a t  each of 
I 
! t h ree  minutes. The t o t a l  amount of rain recorded a t  each s t a t i o n  is ' 
shown i n  Table 1. Table 1 a l s o  shows the  non-recording r a i n  gage 
amount s-and-t he-di-gf erences-between-the-zecordingand -non-re-ding - 
I 
Rain accumulation is p lo t t ed  every 







- -  
Figure 5 shows t h e  v a r i a b i l i t y  of r a i n f a l l  i n t e n s i t i e s  a t  Cara- 
:pans and Embrapa. 
'occurs near t h e  onse t  of t he  rain event which coincided wi th  t h e  
,higher  rainfall intensities. The subsequent relative devia t ions  then 
) tend  t o  be similar f o r  both high and low i n t e n s i t i e s  a l t e r n a t i n g  from 
A t  Carapana (Fig. Sa), t h e  g r e a t e s t  v a r i a b i l i t y  
960.0 - 
l 










I .  
I 
I m. o I...,...,...I 18.0 I 
18.0 - 11.0 11-0 
ftlf lewrl 
-- - -.-_ -._- *--- . - __  1 
:FIGURE 4 .  
l 
! 
Equivalent p o t e n t i a l  temperature a t  5 m above t h e  f o r e s t  
canopy a t  Carapana (dashed), ZF-1 (dot ted) ,  Embrapa ( so l id )  
and Ducke (dash-dot). 
I 
1 
TABLE 2. COMPARISON OF THE TIME OF 6e 
DROP WITH THE OCCURRENCE OF RAIN AT EACH SITE 
I 
! 
I Sta t ion  Time of Be Drop S t a r t  of Rain 
.:r-. . 
I 





Rain fa l l  v a r i a b i l i t y  i n  i n t e n s i t y  and amount is  shown f o r  
Carapana. 
t he  ord ina te  while  the  width of the bar  shows t h e  amount 
(or  rate x time). The horizontal  dashed l i n e  represents  
one standard dev ia t ion : in  in t ens i ty .  
I 








I FIGURE 5b. 
!  convective and mult i layered rainfall, and 0.50 mm/min as t h e  boundary 
}between mult i layered and s i n g l e  l aye r  r a i n f a l l .  
: ra infal l  at  t h e  0.25 mm/min reso lu t ion  of the  measurement. 
,shows t h e  t h r e e  classes each as a percentage of t he  t o t a l .  
As f o r  Fig. Sa but  f o r  Embrapa. 
! 
i Table 3a shows t h e  Table 3b I 
i I 
I 
TABLE 3a. R A I N  RATE-SO-CDiTED 
PERCENTAGE OF THE TOTAL RAINFALL IN EACH RATE INTERVAL 
I 
1 Sta t ion  Tota l  Rain { 25 .50 .75 - > 1.0 I 





32.01 31.0% 17.4% 14.3% I Embrapa 
33.02 2i.6~ 10.8% 6.9% : Carapana 1 ZF-1 15.49 47.5% 9.9% 29.5% 
I 
I ! I 
I I 4 T h e - p e r c e n t a g e a m o u n t - ~ = r i b e M o - + h e c o a v e c t  
between 40 and 70%, s i n g l e  layered cloud 20 and SO%, the  remaining 10 
' t o  20% is  placed i n  the  multi layered category. 
I 
The forward propagation of t he  s q u a l l  l i n e  i s  measured from 
I 
I I I 
, 
sa te l l i t e  enhanced in f r a red  images t o  be 51 kph. The width of t h e  - 7 - - - -  - - - - I 
I 
t 
d c -  .. I - TABLE 3b. RUN-UTES FOR m - m m S E S O F  
CONVECTIVE (C > .75 mm/min) , MULTILAYERED (0.5 5 M < 75) I 





I I r -S ta tSon T o t a L R a i D  
I 
M 
Embrapa 32.01 I 31.0% 17.4% 51.6% 
Carapana 33.02 21.6% 10.82 67.6% 
ZF-1 15.49 I 47.5% 9.9% 42.6% 
I  - _ .  - 
leading edge t o  t h e  corresponding-grey-scala on t h e  opposi te  &de of 1 t h e  s q u a l l  l i n e  remained near ly  constant a t  290 lan. 
1 
The width of the p rec ip i t a t ing  areas can be estimated from t h e  
percent 
m- 
m c  
' J  Z 
0 I 
! I I 
/FIGITRE 6 .  
i I 
Percent of t o t a l  r a i n  each r a i n  class (Cp = pre-convective, 
C = convective. M = multilayered, and S = s i n g l e  layered) 
4. CONCLUSIONS 
The r a i n  rates of 0.75 mm/min o r  grea te r  associated wi th  the  
convective core of th is  s q u a l l  l i n d  is s i g n i f i c a n t l y  higher  than rates 
ascr ibed  t o  t r o p i c a l  oceanic s q u a l l  l i n e s  (0.25 mm/min) . Rates as low 
I 
I region of t he  s q u a l l  l i n e  where high v a r i a b i l i t y  might be equated t o  
I 
{convective r a i n f a l l .  I 
! 7 ' 2  
--_ - __- . ___ - - ---- 
TABLE 4. RAIN DISTRIBUTIONS FROM TIME SPACE CONVERSION 
Pre-Conv Conv Multilayered Single 
Layered 
, Carapana O h  20.4 km 0 33.9 km j 
(71%) ! (29%) j 
Embrapa 8.5 km 8.5 km 22.1 km 29.7 lan 
ZF-1 o k m  10.2 km 0 
(41.3%) (33.3%) (29.0%) : 
I "$%? 1 (51%) 
1 
I 
the rain in the convective region and 30 to 50% in the stratiform '% 
region. 
I 




The remaining 30 to 60% of the rainfall may occur at relatively 
high rates in the multi-cloud layered region of the storm and at low 1 
rates in the single cloud layered region. This variability (30 to 60%) 
is both spatial and temporal. Any indirect sensing technique employed 
~thtfi~~opearestimat~g-rainfall-witfi-an-accuracqF.of-greater-tha~ 
20% will have to deal with these distributions. . 
I. . 
C. .. i . . . C  
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Hardware 
The raingauge hardware is made up of the following 
cornponen t s  . 
Tipping bucket 
rai ngacrges 
Rai ngauge modul e 
Data cartridge 
Translator 





Measures rainfall in increments of 0.01". 
The interface between the raingauge and the 
data cartridge. This small white box fits 
within the raingauge housing. Each module ha5 
an internal serial number which is transferred 
t o  the data cartridge when the reset button is 
pushed . 
This is a small grey cartridge which plugs into 
the raingallge module. It contains a CMOS memory 
which is programmed by the module with the time 
and number of tips registered by the raingauge 
for a given minute. If no tips occur, no entry 
is made in the data cartridge. The data 
cartridge has capacity for approximately 800 
entries, or about 8" of rainfall- 
This is the interface used to transfer data 
from the cartridge to a microcomputer. It can 
be used either in the field or at the office. 
Used to convert  12 VDC t o  120 VAC in order t o  
power the translator in the field. It plugs 
into an automobile cigar lighter. 
This is a laptop personal computer which can 
travel to the field when servicing the 
raingacge network. It is IBM compatible, and 
contains a 3 1/2" floppy di5k drive. Data from 
the data cartridge is collected on the T100O's 
disk. The TlOOO contains internal batteries 
which will provide approximately 4 hcurs of 
continuous use between charges. 
This disk drive connezts to the TlOOO and is 
a 5 4  t= copy the 3 I/?" disks to the 5 114" 
standard format. 
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S o f t w a r e  
S o f t w a r e  h a s  b e e n  p r o v i d e d  on b o t h  3 1/2" a n d  5 1/4" 
d i s k e t t e s .  
QUEMS E a t a  #1 
Misc Suf t w a r e  
NEW-DISK 
3 1/2" T h i s  d i s k e t t e  is u s e d  t o  col lect  
t h e  r a i n g a u g e  d a t a .  I t  c o n t a i n s  
t h e  GUEMS d a t a  management  
s o f t w a r e  a n d  t h e  D S  d i r e c t o r y  
management p rogram.  
3 1/2" C o n t a i n s  c o p i e s  of QUEMS a n d  DS, 
as w e l l  o t h e r  s o f t w a r e .  
5 1/4" Has t h e  QUEHS a n d  D S  p r o g r a m s ,  
a n d  t h e  NEW-DISK.BAT b a t c h  f i l e .  
Use this disk; t o  create a new 
BUEES D a t a  d i s k .  
NEW-DISK (Copy 2) 5 1/4" Backup c o p y  o f  t h e  a b o v e .  
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Data Cartri dae Ini ti a1 5 zati on 
The following procedure is used t o  initialize the data 
cartridge. Begin by connecting the T1000 and the translator, and 
applying power t o  both units. The TlOOO will go through the boot- 
up process; when this has finished the C> prompt will be 
displayed. 
1. Put the GUEMS/data disk into drive A ,  and enter A: to change 
the default to drive A. 
2. Enter BUEMS to run the QLlEMS data acquisition software. The 
program will begin by asking for verification of the date arid 
time. 
3. Put the data cartridge into the translator. 
4. Select initialization from the main menu. 
5. The initialization menu will appear, and you will be asked t o  
verify the date and time. 
6. After proper date and time verification, the data cartridge 
will be erased and its internal clock set. The translator will 
beep continuously and the light cn the data cartridge will blink. 
7. The data cartridge is now initialized. Remove it from the 
trans1 ator. 
Startina Data Collection 
1. Carefully slide an initialized data cartridge into the 
raingauge module. Veri-Fy that the leads are properly connected 
between the raingauge and the raingauge module. 
2. Press the button on the raingauge module. The light on the 
data cartridge should come on. 
3. Tip the raingauge bucket ten times and observe that the light 
blinks with each tip. 
4. Carefully replace the raingauge collector. 
5.  Fiecord the start time and the starting tips in the log book. 
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D a t a  Recovery 
The f o l l o w i n g  p r o c e d u r e  is used  t o  recover t h e  i n f o r m a t i o n  
s t o r e d  i n  t h e  d a t a  c a r t r i d g e .  Begin by c o n n e c t i n g  t h e  TlOOO and 
t h e  t r a n s l a t o r ,  a n d  a p p l y i n g  power t o  b o t h  u n i t s .  The  TlOOO w i l l  
g o  t h r o u g h  t h e  boat-up p r o c e s s ;  when t h i s  h a s  f i n i s h e d  t h e  C>- 
prompt w i l l  b e  d i s p l a y e d .  
1. Manual ly  t i p  t h e  r a i n g a u g e  b u c k e t  t e n  t i m e s  w h i l e  w a t c h i n g  t o  
see t h a t  t h e  l i g h t  on t h e  d a t a  c a r t r i d g e  b l i n k s  a t  e a c h  t i p .  
2. P r e s s  t h e  b u t t o n  on t h e  r a i n g a u g e  module. The l i g h t  5 h o u l d  
c o m e  on w h i l e  t h e  b u t t o n  is d e p r e s s e d .  
3. C a r e f u l l y  remove t h e  d a t a  c a r t r i d g e  f rom t h e  r a i n g a l i g e  module,  
b e i n g  m i n d f u l  n o t  t o  p r e s s  t h e  mGdule b u t t o n .  
4. P u t  t h e  BIJEMWdata disk i n t o  d r i v e  A ,  and  e n t e r  A: t o  c h a n g e  
t h e  d e f a u l t  t o  d r i v e  A. 
5. E n t e r  QUEMS t o  run t h e  BLIEMS d a t a  a c q u i s i t i o n  s o f t w a r e .  The 
program w i l l  b e g i n  by a s k i n g  for v e r i f i c a t i o n  of t h e  d a t e  and  
t i m e .  
6. The main menu is d i s p l a y e d  f i r s t .  Select t h e  dOwT?lOad o p t i o n .  
7. The download s c r e e n  w i l l  a p p e a r ,  w i t h  a n  empty t a b l e  t i t l e d :  
TEMP NO STN NO START DATE/TIME FINISH DATE/TIME MINS WARNINGS 
8 .  A t  t h i s  p o i n t  t h e  prDgram is w a i t i n g  for d a t a .  I n s e r t  t h e  d a t a  
c a r t r i d g e  i n t o  t h e  t r a n s l a t o r .  The data cartridge should not be 
put i n t o  t h e  translator prim to t h i s  po in t ,  since t h e  download 
program r e c o g n i z e s  t h e  i n s e r t i o n  af t h e  c a r t r i d g e .  
9. The t r a n s l a t o r  w i l l  e m i t  a s h o r t  beep ,  t h e  message  ' f e t c h i n g  
d a t a '  w i l l  f l a s h  q u i c k l y  a t  t h e  bo t tom of  t h e  streer?, and  a n  
e n t r y  i n  t h e  t a b l e  w i l l  appear showing t h e  s t a t i o n  number,  and  
t h e  s t a r t  and  s t o p  t i m e s  of  t h e  d a t a .  The ' m i n s '  column 
r e p r e s e n t s  t h e  d i + f ' e r e n t e  betweer! t h e  TlOOO clock and  t h e  
r a i n g a u g e  mudele c luck .  Large d i + + e r e n c e s  m a y  b e  i n d i c a t i v e  of  
errors i n  s e t t i n g  t h e  TlOOO c l o c k .  The w a r n i n g s  column c a n  h a v e  
o n e  or m o r e  of  t h e  f o l l o w i n g  c o d e s  i n d i c a t i n g  s p e c i f i c  
c o n d i t i o n s :  
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G A d a t a  gap h a s  been d e t e c t e d .  T h i s  occurs when t h e  
s ta r t  t i m e  of t h i s  d a t a  is later t h a n  t h e  s t o p  t i m e  of 
t h e  l as t  d a t a  c o l l e c t e d  f o r  t h e  s t a t i o n .  T h i s  c o n d i t i o n  
w i l l  almost a l w a y s  occur, s i n c e  t h e  d a t a  c a r t r i d g e  w i l l  
b e  o u t  of  t h e  r a i n g a u g e  module for a t  least as l o n g  as 
is necessary t o  download t h e  d a t a  a n d  i n i t i a l i z e  t h e  




Overlapping d a t a  h a s  been  d e t e c t e d .  T h i s  c a n  b e  d u e  t o  
er rors  i n  s e t t i n g  t h e  c l o c k .  U s u a l l y  t h i s  is n o t  too 
s e r i o u s .  
I n d i c a t e s  a l o w  r a i n g a u g e  module b a t t e r y .  
I n d i c a t e s  a low d a t a  c a r t r i d g e  b a t t e r y .  
C l o c k  s t a u s  b i t  n o t  set. T h i s  i n d i c a t e s  t h a t  t h e  
r a i n g u a g e  module w a s  u n a b l e  t o  access t h e  d a t a  
c a r t r i d g e .  
16. I n s p e c t  t h e  download s c r e e n  and  v e r i f y  t h a t  t h e  i n f o r m a t i o n  
is r e a s o n a b l e .  E n t e r  t h e  i n f o r m a t i o n  i n  t h e  l o g  book. 
11. Type X t o  e x i t  t h e  downloading  p r o c e d u r e .  Two h o u r l y  t o t a l s  
f o r  t h e  c u r r e n t  d a t e  w i l l  b e  d i s p l a y e d .  V e r i f y  t h a t  t h e  d a t a  
a p p e a r  r e a s o n a b l e .  
12. E n t e r  a q t o  e x i t  the validatian s c r e e n .  
13. Y o u  w i l l  b e  prompted  ' V a l i d a t i o n  OK ?'. E n t e r  y .  
14. S t a t i o n  number n n o t  v a l i d a t e d . . .  w i l l  a p p e a r  n e x t .  Type P t o  
p r o c e e d .  
15. If t h e r e  w e r e  e n t r i e s  i n  t h e  w a r n i n g s  column,  you w i l l  b e  
a s k e d  i f  t h e  d a t a  is t o  b e  e d i t e d .  E n t e r  N t o  r e t a i n  t h e  d a t a  as 
i t  is. 
16. A t  t h i s  p o i n t  t h e  .F ina l  d a t a  f i l e  w i l l  b e  w r i t t e n  a n d  t h e  
program w i l l  retLtrn t o  t h e  m a i n  menu. I f  f o r  s o m e  r e a s o n  it 
a p p e a r s  t h a t  t h e  d a t a  w a s  n o t  a r c h i v e d  p r o p e r l y  t o  d i s k ,  t h e  
d o w n l o a d  p r o E e s s  c a n  b e  r e p e a t e d .  H o w e v e r ,  t h e  download program 
may not b e  a b l e  t o  a u t o m a t i r a l l y  r e a d  t h e  d a t a  f r o m  the c a r t r i d g e  
on  a s e c o n d  try-. T h i s  arises b e c a u s e  t h e  c a r t r i d g e  kzs a n  
i n t e r n a l  +lag  which is set a f t e r  a d a t a  download which i n d i c a t e s  
t h a t  t h e  c a r t r i d g e  has a l r e a d y  been r2z.d. T h i s  flag c a n  D e  
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i t  becomes o b v i o u s  t h a t  t h e  d a t a  w i l l  n o t  download a u t o m a t i c a l l y .  
C r e a t i n a  a Nen D a t a  Diskette 
Begin  by a p p l y i n g  power t o  t h e  T1000. The compute r  w i l l  g o  
t h r o u g h  t h e  boot-up p r o c e s s ;  when t h i s  h a s  f i n i s h e d  t h e  C> prompt 
w i  11 b e  d i s p l a y e d .  
1. P u t  t h e  NEW-DISK 5 114" d i s k e t t e  i n  t h e  e x t e r n a l  f l o p p y  d r i v e .  
2. E n t e r  b: t o  c h a n g e  t h e  d e f a u l t  d r i v e  t o  b:. 
3. E n t e r  NEW-DISK t o  b e g i n  t h e  p r o c e d u r e .  Fo l low t h e  i n s t r u c t i o n s  
tu create a b l a n k  3 1/2" d i s k e t t e .  The p r o c e d u r e  w i l l  a lso copy 
t h e  n e c e s s a r y  s o f t w a r e  and d a t a  f i l e s  t o  t h e  n e w  d a t a  d i s k .  
Trans+err ina  the D a t a  to Vi ra in ia  
1. U s e  t h e  DES f o r m a t  command t o  f o r m a t  a new 5 1/4" d i s k  i n  
d r i v e  b: 
2. U s e  t h e  DES copy  command, or t h e  DS program see DS.DOC on 
t h e  M i s c  S o f t w a r e  d i s k ) ,  t o  copy t h e  s t a t i o n  d a t a  f i l e s  t o  t h e  5 
114" d i s k .  A l s o  copy  t h e  +laqs,dat, stwe-dat and sitelist-dat 
d a t a  f i l e s .  
3. M a i l  t h e  d i s k e t t e  t o  V i r g i n i a .  
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Florida Precipitation Data 
Keeping i n  mind the prime objective of the TRMM project, the 
purpose of analyzing the land-surface precipitation measurements i s  
to obtain a measurement of  rainfall  ( i . e . ,  a representative areal 
average) that  w i l l  provide a 'ground truth' fo r  the Florida peninsula 
on the time and space scales of interest  t o  the project. 
t u r n ,  will be used i n  calibrating the remote sensing equipment. The 
c r i t i ca l  need of a l l  indirect estimation or measurement schemes i s  the 
acquisition of a high quality ground truth data se t .  
I t  i s  proposed tha t  the ground t r u t h  data base is  b u i l t  upon the 
existing NCDC point measurements and extended to incorporate a l l  the 
catchment and watershed area networks, as well as the mesonetwork 
of automated stations located i n  the vicinity of the Kennedy Space 
Center. I t  i s  from th is  multi-temporal scale d a t a  base ( i . e . ,  1-min,  
1 5-min, hourly and daily measurements) t h a t  a spat ia l ly  smoothed time 
ser ies  of monthly precipitation will be obtained. 
This, i n  
In i t ia l  analysis of  the rainfall  d a t a  collected over the F l o r i d a  
peninsula will be based on the NCDC d a t a ,  namely the daily cooperative 
s ta t ions,  hourly recordinq locations and the 15-min records. The 
reason for  1ook;ng more closely a t  these d a t a  se t s  before extending 
the d a t a  base t o  encompass a l l  the other networks, i s  that  the NCDC 
data already to t a l s  hundreds o f  thousands of records. This i n  i t s e  
requires a well planned approach to handling the data. The d a t a  i s  
also quality checked and appropriately flagged for missing o r  unrel 
information, etc. 
S t a t i s t i c s  derived from the lonq term historical records are 
t a n t  for  cornparin9 t h e  shor t  term averages. Thomas (1970) sugoests 
t h a t  a m i n i m u m  record l e n g t h  of seven years i s  necessary t o  provide 
meaningful s t a t i s t i c .  The multi-faceted network o f  direct  and  indirect 
measurements may be fu l ly  operational for  this period of time prior t o  
the TRMM mission. 
the monthly areal ra infal l  distribution. B u t  there are other aspects 
deserving consideration, namely: 





a )  wet and dry years and the i r  significant effect  on rainfall  
totals .  
d u r i n g  a dry year. '  (Bradley, 1972) 
'Wet years sometimes doubl i n ?  the amounts received 
b )  determining the start  and  end o f  the rainy season. 
season has begun as soon as early May and has been delayed 
as l a t e  as  June.' 
'The 
(Bradley, 1972) 
c )  differentiating areas prone t o  thunderstorms from those areas 
of 1 ess frequent occurrence. 
d )  tropical disturbances - identify the occurrence of hurricanes 
and t he i r  contribution t o  the r a i n f a l l  t o t a l s ,  Hurricanes and  
tropical storms contribute about 7% of the a n n u a l  ra infa l l .  
(Brandes , 1 981 ) 
2 
These aspects lead on t o  q u e r i e s  concerning the long term records :  
1) 
2 )  
the p o s s i b i l i t y  o f  long term changes,  and 
c y c l i c  changes and the i r  return f r equenc ie s .  
These c o n s i d e r a t i o n s  should be taken i n t o  account when determining 
the na tu ra l  v a r i a b i l i t y  a s  well a s  producing a r e a l  p r e c i p i t a t i o n  amounts 
t h a t  will r e l a t e  t o  the swath coverage planned f o r  TRMM. 
A b r i e f  summary o f  r e l e v a n t  c l ima to log ica l  i n v e s t i g a t i o n s  f o r  this 
region is  as fo l lows :  
CRONE, M . ,  REEK,  T. and MATTINGLY, R., 1988 
NCDC Automated Graphics:  
d i v i s i o n s  o f  homogeneous c l ima to log ica l  c h a r a c t e r i s t i c s .  The 
s t a t i o n  d a t a  a r e  then ' space '  averaged and d i v i s i o n a l  s t a t i s t i c s  
a r e  publ i shed  and arch ived  ( F i g .  1 ) .  As well a s  the d i g i t i z e d  
d a t a ,  the National Weather Center provides  a s e l e c t i o n  of maps 
based on the Cooperat ive s t a t i o n  network. These maps f o r  each 
s t a t i o n  inc lude  monthly and seasonal r a i n f a l l  d e p a r t u r e s  from the 
30 y e a r  norm (F ig .  2 ) .  
Each s t a t e  i s  d iv ided  i n t o  c l ima to log ica l  
Graphical system compares c u r r e n t  monthly s t a t i s t i c s  w i t h  the 
h i s t o r i c a l  records  u s i n g  ind iv idua l  s t a t i o n  and d i v i s i o n a l  
averages  f o r  each s t a t e .  
record  and an a r e a l  d i s t r i b u t i o n .  
The praphics  provide an h i s t o r i c a l  
The h i s t o r i c a l  pe r spec t ive  i s  based on a 30-year normal based 
on r eco rds  from 1951-1980 o r  from 1941-1970. 
Cluster ana lyses  a r e  a l s o  depic ted  i n  bar  graph form w i t h  no 
a r e a  w i t h i n  the s t a t e  r ep resen t ing  more than 40% of  the t o t a l  
reg ion  (F ig .  3 ) .  
Time series o f  monthly depa r tu re s  from the normal r a i n f a l l  
a s  percentages  are  prepared f o r  each cluster a s  well a s  running 
means (F ig .  4 ) .  
T h i s  g raph ica l  p re sen ta t ion  has only  been i n i t i a t e d  since 
January 1987. 
SCHWARTZ, B.E. and BOSART, L.F., J979 
Diurnal v a r i a b i l i t y  of F lor ida  r a i n f a l l  i s  analyzed on a monthly 
b a s i s  u s i n g  hourly r a i n f a l l  f o r  68 s t a t i o n s  over  the time period 
1942-1 972. 
Rain measurements a r e  made t o  the n e a r e s t  0.25 mm and a r e  
d iv ided  i n t o  three c a t e g o r i e s :  > 0.25 mm; > 2.5 mm and > 1 0  mrn. 
Three month seasonal  and annual ana lyses  were a l s o  performed t o  
g ive  an overview o f  the d iu rna l  v a r i a t i o n .  
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Figure 3 .  
MEAN MONTHLY PRECIPITATION FREQUENCY DISTRIBUTION 
FOR PERIOD OF RECORD 1931-1987 
FOR MONTH OF JANUARY 
FLORIDA 
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The percentage o f  probabi l  i t y  of  precipitation a t  specific 
stations i s  also presented. 
Technique: harmonic analysis and normalized amplitude and 
phase for  the diurnal and semi-diurnal cycles are  prepared 
for each of the r a in  ra te  categories. 
Presentation of data i s  as seasonal maps i n  vectorial format 
and depicting f i r s t  harmonics (Figs. 5a and 5b). 
Deficiencies of research: prevailing wind direction considered 
important i n  terms of  the t i m i n g  and onset of  the rain over the 
peninsula b u t  n o t  considered i n  th i s  study. 
Reference also made t o  the importance of small scale variation 
due to topography and sea breeze circulation. 
WALLACE, J.M. , 1975 
Hourly data on frequency of fou r  rain events generated s t a t i s t i c s  
on amp1 itude and  phase of diurnal and semi-diurnal cycles a t  each 
s ta t ion.  This was the method employed by Schwartz and Bosart .  
Amplitude and phase angle gave i n s i g h t  i n t o  the importance of 
thermodynamical processes (affecting the s t a b i l  i t y  parameter) and 
the dynamic processes (influencing mass convergence) as factors 
controlling the frequency and intensity of convective act ivi ty .  
Reasoning for strong diurnal rain pattern over Florida: 
t i m i n g  of maximum low level convergence and maximum 
convective act ivi ty  suggest convective precipitation 
controlled almost ent i re ly  by dynamical processes. 
The severity of convection being influenced by the 
thermodynamic processes. 
THOMAS, T.M., 1970 
A summary of the historical climatological records of southern 
Florida covering the per iod  1825-1968 and covering the area 
south o f  la t i tude 29"N. Rainfall records were obtained for  
157 stations from a number, of reference sources: 
Smithsonian World Weather Records, Vol.  79; 
Climatic Summary of the United States Weather Bureau 
U.S. Weather Bureau C1 imatological d a t a  of  F l o r i d a .  
Bulletin W .  '1912 ' ;  
From the s t a t i s t i ca l  analyses, s i n g 1  e monthly time series records 
varying from 50 t o  70 years i n  length display the geographical 
d i s t r i b u t i o n  of the rainfall  variable ( F i g .  6 ) .  
The complexity of the spatial  distribution within any one month 











MEAN RAINFALL IN INCHES 
JULY 
9 3 - 4  
= 4 - 5  
5 - 6  
=7- 8 
~8-9 
=6-7 =9- IO 
DRY 
Figure 6. Averaae July rainfall  i n  inches. Isohyets are  drawn 
i n  1 "  increments (a f te r  Thomas, 1970).  
10 
Single l inear  time series were calculated u s i n g  data contained 
w i t h i n  areas of equal annual rainfall  w i t h i n  5 inch intervals 
( i .e .  , 35-40 i n . ,  40-45 i n .  , . . .60-65 inches/year) ( F i g .  7 ) .  
The rainfall  d i s t r i b u t i o n  exhibits a bimodal characterist ic 
of two wet periods per year. 
a return frequency of about f ive years was predicted along 
the eastern coastline and Florida Keys b u t  i t  d id  not extend 
inland. 
From the power spectral analysis, 
Other studies suggested a 25-year return period. 
General Approach 
All s t a t i s t i c s  are t o  include to ta l s ,  number of observations, 
means, standard deviations, variances and coefficients of variance. 
I t  i s  intended that by undertaking the following analyses, one 
will gain an in-depth appreciation for the var iabi l i ty  of the rainfall  
over the en t i re  Florida peninsula. 
focussed on southern portion of the peninsula. 
undertaking the present task i n  t h i s  rather laborious manner, will 
ultimately lead t o  a reduction i n  the error factor when determining the 
areal precipitation over the th i r ty  day period as prescribed for  the 
TRMM project. 
Most investigations todate have 
I t  i s  hoped that by 
A l i s t i n g  of  rainfall  stations for  each NCDC data s e t  i s  tabulated 
g i v i n g  station ID number, name, la t i tude and longitude (Table 1 ) .  The 
f i r s t  parameter is required for identifying stations on tape; the station 
name will aid a manual observer i n  perusing printouts and the lat/long 
a re  necessary for  plotting the values on the s t a t e  outline map. 
l a s t  task will then be extended i n t o  contouring the data to  create 
isohyetal maps. 
to t he i r  station number, hence the b l a n k  spaces i n  the station f i l e  
1 isting. 
years due t o  s l i g h t  changes i n  instrument location, e tc . ,  require closer 
inspection t o  verify whether data f i l e s  overlap; are complimentary and 
so on. Certain station f i l e s  may be able to  be merged together g i v i n g  
a longer record and also reducing the bulk of the stations located i n  very 
close proximity.  This l a t t e r  aspect may cause problems i n  the plotting 
programs i f  not dealt  with a t  this point i n  time. 
Without g i v i n g  a step-by-step account of how the rainfall  data is 
t o  be processed, i t  i s  intended tha t  a long  term d a t a  base w i t h  respect 
to  the best areal coverage, i .e.  , gauge density, will be determined from 
the d a i l y  cooperative stations. From this baseline, the summer convec- 
t ive  rainfall  period will be identified t a k i n g  i n t o  account the spatial 
variation over the peninsula. The hourly rainfall  data will then be 
analyzed on this basis giving hourly averages per s ta t ion,  areal hourly 
averaaes and percentages of the total  annual ra infa l l .  These diurnal 
patterns should hiahliqht further spatial v a r i a t i o n  which can then be 
considered a t  the higher resolution of  15-min rainfal l  records. The 
focus will then move from the spatial plane t o  the temporal level where 
intense convective r a in  events produce the significant r a i n f a l l .  
T h i s  
Some stations have not as  yet been identified according 
Those stations t h a t  have had several recording periods over the 
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Figure 7. Return f r equenc ie s  of c y c l i c  behavior  i n  r a i n f a l l  
(0.02 = 5 y e a r s ;  0.1 = 1 cyc le /yea r ;  0.02 = 2 c y c l e s /  
y e a r )  ( a f t e r  Thomas, 1970) .  
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Table 1 (cont.) 
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The sensitivity of the density of the various networks has yet 
to be determined for the Florida area. 
a decorrelation approach in conjunction with precipitation records 
from key sites, it should be feasible to deploy less dense but adequate 
networks throughout the tropical rain belt. The procedure involving 
the use of an optimal estimator of areal precipitation (based on the 
work of Schaake, 1978), should be tested in the Florida region. It is 
proposed that the decorrelation expression be developed from the 
historical precipitation records. This estimator of rainfall at 
non-instrumented locations is based on an optimal weighting factor and 
is dependent on the coefficient of variation of point precipitation. 
measurements. In the Florida situation, because of the flat terrain, 
the decorrelation expression will be largely a function of distance. 
Ultimately, with the use of 
Other Aspects to be Considered: 
* Categorize.rain days according to upper air soundings. 
* Investigate the heat budget approach for estimating precipitation. 
* Assess the effects of urbanization on the rainfall pattern over the 
years of growth and development. 
impact of cl imatological disturbances. * Assess 
* Invest 
svstem 
gate the already existing satellite relay and process ng 
- a data collection system (DCS) based in Miami, using 
LkNDSAT satellite as a data relay platform in processing rainfall 
and water level information obtained from gauging stations in the 
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